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Abstract 
The freeze-drying kinetics and the superficial porosity development of 
grapefruit puree. The impact of biopolymers addition (gum Arabic and 
bamboo fiber) and to apply (40 ºC) or not shelf temperature (room 
temperature) was considered. To increase the shelves temperature during 
freeze-drying allowed to an important drying time reduction and doesn’t 
supposed a lower porosity related to the collapse development of the structure. 
Biopolymers do not affect the drying kinetics. From this results, biopolymers 
addition and to heat at least up to 40 ºC during grapefruit freeze-drying should 
be recommended. 
Keywords: freeze-drying; shelf temperature; drying kinetics; image analysis; 
pore size distribution. 
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1. Introduction 
The growing consumer demand for expanding the diversity of food products has resulted in 
a rapid development of the food ingredients market. Most of these food products are supplied 
in powdered form and the technologies involved in their production are increasingly 
important, since their quality and functionality strictly correspond to the efficiency of the 
production processes [1,2]. Today, the growing awareness of consumer health is forcing food 
producers to add natural ingredients to food products. Fruit ingredients in powdered form can 
be applied in many food and pharmaceutical products to improve their color and taste and, at 
the same time, to provide the human body with an additional constituent for health 
promoting[1]. The quality of a fruit powder depends to a large extent on the drying / grinding 
conditions, as well as on the composition and physical properties[2,3]. Within this context, 
freeze-drying emerges as a gentle dehydration technique that represents the ideal process for 
the production of high value dry products. This technique is known for its ability to maintain 
the quality of the product (color, shape, aroma and nutritional value) greater than many other 
drying methods, due both to its low processing temperature as to the virtual absence of 
oxygen during processing, which minimizes degradation reactions[4]. Other prominent factors 
include the structural rigidity exhibited by the previous freezing of the food, as well as the 
limited mobility of frozen water, that prevents collapses and contractions of the solid matrix 
when drying[5,6]. The freeze-drying process consists mainly of two stages in which the 
product is frozen first and then a controlled amount of heat is applied under vacuum (vacuum 
freeze drying) or at atmospheric pressure (atmospheric freeze drying) to promote an initial 
stage where the sublimation of ice crystals occurs and a secondary stage where the desorption 
of the remaining non-frozen water occurs[2,4-6,]. To improve the control of any dehydration 
process giving high quality dried products, it is important to have models to simulate drying 
curves in different conditions[7]. It is important to note that the composition of the fruit (for 
example, pectin, dietary fiber, oligosaccharides, polyphenols) influences the degree to which 
the fruit can be transformed into a powder. In this sense it is necessary to point for the low 
glass transition temperature (Tg) exhibited by the dried fruit products[8]. To exceed the Tg 
involves the change of the amorphous matrix from a highly stable glassy state to a more 
unstable rubbery one. In the glassy state structural collapse of powdered products occurs. As 
in the case of powdered fruit the Tg is in the range of the room temperature, to add high 
molecular weight biopolymers is suggested[8]. High quality freeze-dried materials are 
characterized by a low bulk density and high porosity in addition to a minimal shrinkage and 
negligible collapse. However, it is important to mention that the fraction of the food collapsed 
during freeze-drying can increase with the heating temperature of the shelf. In fact, many 
authors have related the most intense contraction exhibited when freeze-drying is carried out 
at higher temperatures[9] and the greater porosity of freeze-dried materials with the lower 
freeze-drying temperatures[2]. The aim of this study was to determine the impact of both to 
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add gum Arabic and bamboo fiber and to increase the shelf temperature to 40 ºC during the 
freeze-drying of grapefruit puree. The effect on the drying kinetics and the porosity of the 
obtained product have been studied.  
2. Materials and Methods 
The citrus grapefruit (Citrus paradise var. Star Ruby) was purchased in a local market 
(Valencia, Spain). The fruits were selected according to their size, firmness and absence of 
physical damage. Biopolymers used to stabilize the powdered product: gum Arabic (GA) 
Scharlab and Bamboo Fiber (FB) Vitacel® BAF 200. 
2.1. Sample preparation and process conditions 
The peel, albedo and central axis were detached manually from the grapefruit before being 
crushed (Thermomix Vorwerk TM-21). The obtained product was characterized in its water 
and soluble solid content (vacuum oven JP Selecta, 60 ± 1ºC and pressure <100 mm Hg; 
Mettler Toledo 30PX refractometer). Two samples of grapefruit puree were prepared, one 
without the addition of biopolymers (G) and another one with the addition of 4.2% GA and 
0.58% FB (GB) (Thermomix Vorwerk TM-21 working at speed 2 for 300 s)[10]. Both samples 
were also characterized in the water and soluble solid content. Samples G and GB were 
placed in aluminum trays (1 cm thickness, ≅27 g), a pair per sample and after they were 
frozen (Liebherr LGT 2325) at -45 ºC for 6h. The frozen samples were freeze-dried for 
different times from 1.5 to 21 h in a Telstar Lyo Quest-55 freeze-dryer. The pressure of the 
chamber (0.09 mbar) was maintained and the temperature of the shelves was varied: without 
applying heat to the shelves (samples RT, room temperature) and applying 40 °C to the 
shelves (samples 40). In this way, four samples were processed: G(RT), G(40), GB(RT) and 
GB (40). Each freeze-drying process was carried out twice. Samples obtained at the different 
freeze-drying times were weighed (accuracy 0.0001 g). Two images by sample were taken 
using a Canon EOS 350D digital camera placed in a Kaiser RS2XA, at 23 cm from the 
sample, and illuminated with a standard white light (6500K). The images were acquired with 
a focal aperture of 55 mm (Lens EFS 18-55) and in automatic mode.  
 
2.2. Modeling of drying kinetics 
 
The drying kinetics was studied on the basis of the mass loss by the samples. The residual 
water content present in the obtained samples was calculated based on Eq. (1) and used to 
obtain the moisture ratio (MR) evolution (Eq. 2). 
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Where Xwt, mt, Xwo, mo and Xwe indicate the water content (g water / g sample, db) and the 
mass (g) of the freeze-dried sample at time t, of the sample that enters to the freeze-drier, and 
of the sample freeze-dried at equilibrium, respectively. The equilibrium water content values 
are usually very low, and the Eq. 2 is often simplified assuming Xwe=0 without a significant 
change in the MR value [11]. 
Preliminary tests conducted in this study proved that the best fit to our data was obtained with 
the modified Page model (Eq. 3) [1, 11]. The Matlab R2015b software was used to fit the drying 
model. For each sample, the MR (Eq. 2) calculated for each freeze-drying experiment was 
fitted to the model and the mean value of the model constants was considered as the 
corresponding result. 
     ∗ ∗

                               
3 
Where k, n and a are the constants of the model and t the freeze-drying time (h). 
2.3. Number and pore size distribution 
The pore size distribution was based on the area of the superficial pores formed in the 
samples. The area of the pores at each freeze-drying time in every sample was analyzed from 
the images (section 2.1) analyzed by means of the software image J, 1.51g [12,13]. The 
frequency or number of pores formed of each size was stablished based on a geometric 
distribution of the areas containing the minimum and the maximum values found in the image 
analysis and considering 30 area range. From this data, the mean area of the pores ( mm2) 
at each freeze-drying time was also calculated (Eq. 4). 
 
∑ 
 ∗  !
∑ "
                                
4 
Where i is each area range, A is the greatest range area (mm2), F is the pore frequency. 
 
3. Results and Discussions 
3.1 Drying kinetics 
The water and soluble solute content of the grapefruit puree used in the study were 0.876 ± 
0.004g water / g sample and 11.47 ± 0.12 ºBrix. They changed to 0.830 ± 0.001 g water / g 
of sample and 15.23 ± 0.06 ºBrix after biopolymers addition. For each sample, these water 
contents were those considered as the corresponding (Xw0). The change of MR during the 
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freeze-drying of the different processed samples is presented in Figure 1. As it can be 
observed, the drying time was greatly reduced when 40 ºC shelf temperature was applied.  
  
Fig.1 Experimental and predicted (modified Page’s model) moisture ratio evolution throughout the 
freeze-drying of grapefruit samples with (samples GB) and without (samples G) biopolymers added 
and applying (samples 40) or not (samples RT) heat to the shelves. 
 
Kinetic data were fitted to the modified Page model (Table 1). The k and a parameters were 
lower (p<0.05) when the freeze-drier shelfs were not heated, with no significant differences 
(p>0.05) between the samples with and without biopolymers added. This behavior is related 
with the enhanced heat transfer promoted when heating the shelfs, which is linked to an 
increased drying rate of the process and a decreased drying time [14,15]. Table 1 shows the 
drying time needed to achieve a target water content of 0.04 g water/g dry sample (db), this 
assumed as a normal water content for this kind of products. To heat the shelves just to 40 ºC 
during the freeze-drying considerably reduces the process time up to 52 - 60 %. 
 
Table 1. Mean values and standard deviation in brackets of the constants of the modified Page’s 
model (k, n and a). Time needed to reach 0.04 g water/g sample (db): t0.04. Freeze-dried samples: 
grapefruit with (samples GB) and without (samples G) biopolymers added and applying (samples 
40) or not (samples RT) heat to the shelves. 
 
Sample k n  a R2 RSME t0.04 (h) 
G(RT) 0.041±0.009a 1.57±0.11b 0.934±0.009a 0.978 0.040 21.8±1.6b 
GB(RT) 0.056±0.011a 1.41±0.08ab 0.941±0.009a 0.964 0.046 23.6±1.0b 
G(40) 0.25±0.04b 1.31±0.10a 0.993±0.003b 0.993 0.018 10.4±1.6a 
GB(40) 0.20±0.01b 1.42±0.10ab 0.996±0.002b 0.994 0.016 9.5±1.5a 
(*)Adjusted regression coefficient (R2), root mean square error (RMSE; Different (a, b) letters 
in columns indicate non-homogeneous groups established by the ANOVA (p<0.05). 
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3.2   Number and pore size distribution 
Figure 2 shows, as an example, the number of pores of each areas range considered that was 
formed in samples G(RT) and GB(RT) freeze-dried for 22 h and in samples G(40) and 
GB(40) freeze-dried for 10 h. These were approximately the times needed to reach a sample 
with 0.04 g water/ g sample (db) (Table 1). A similar pore number distribution was observed 
at each studied freeze-drying time (data not shown) which was used to calculate the pore 
mean area (Fig. 4). As it can be observed in Fig. 3, at each temperature, more pores were 
formed in samples without biopolymers added. This could be related with a certain 
cryoprotector effect of the biopolymers, these decreasing the amount of ice formed [8]. On the 
other hand, in samples G or GB, the higher the temperature, the greater the pore number 
related to the faster drying rate. Taking into account what it was observed visually in freeze-
dried samples, the number of pores formed may be related with the firmness of the structure. 
In this sense the interaction of the added biopolymers with the own’s fruit solutes seems to 
promote a more compact and firmer structure and a higher drying rate to a weaker one. 
For each sample and freeze-drying time, a mean pore size was calculated (Figure 3). As it 
can be observed, the samples freeze-dried at room temperature showed a greater mean pore 
size than when heated at 40 ºC and, at each temperature, it was greater when no biopolymers 
were added. In this case, both the biopolymers presence and to increase the drying 
temperature contribute to decrease the pore size. 
 
 
 
 
 
 
 
 
  
Fig. 2. Distribution of the number of pores (frequency) formed of each area range. Samples: 
grapefruit with (samples GB) and without (samples G) biopolymers added and heating (samples 40) 
or not (samples RT) the shelves. 
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Fig. 3 Mean area of the pores formed throughout the freeze-drying time. Samples: GB and G: 
grapefruit with (samples) and without (samples G) biopolymers added and heating (samples 40) or 
not (samples RT) the shelves. 
 
4. Conclusions 
To increase the shelves temperature to 40 ºC during freeze-drying decreases in more than 50 
% the drying time and allows to obtain a sample with more pores formed although these being 
smallest. The gum Arabic and bamboo fiber added to stabilize the dried product doesn’t affect 
the drying rate although it shows less and smallest pores. As no collapse of any of the 
obtained samples was observed, to add the biopolymers to grapefruit puree and to heat the 
shelfs to 40 ºC during freeze-drying should be recommended. 
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